Advances in amorphous hydrogenated silicon ͑a-Si:H͒ technology have been hindered by the limited understanding of the microstructure. In particular, shortly after the realization of effective doping of a-Si:H [1] , it was found the material suffers from light-induced metastable changes [Staebler-Wronski effect (SWE)] [2] . Light incident on a-Si:H causes metastable Si dangling bond (DB) defects to form with the result of increased carrier trapping and decreased photoconductivity. Much theoretical and experimental effort has been put into understanding the SWE, but a comprehensive explanation has yet to be achieved.
Hydrogen is known to play a dominant role in the stabilization and annealing properties of the metastable defects [3] . A recent class of models [4] [5] [6] , which explains much of the experimental data, has light-induced electron-hole pairs breaking Si-H bonds and allowing H to become incorporated in a mobile form within the a-Si network. According to Biswas and Pan [4] and Branz [5] , the light-induced Si ‫ء‬ DBs are induced at the original site of hydrogen emission:
The mobile form of H arises as a result of the atom jumping from one bond-center site to another in the form of Si-H͞Si ‫ء‬ complex [7, 8] which reduces the energy cost of breaking the Si-H bond. In contrast, Godet [6] addresses the energy problem by suggesting hydrogen is emitted from doubly hydrogenated Si-HH-Si sites where reconstruction is permitted:
Here the mobile form of H is a three-center Si-H-Si configuration. The DBs result when the mobile H reacts with Si-H bonds [6] :
Both models agree that it is the "sinking" of H atoms into low energy (Si-HH-Si) configurations that leads to the metastability, because this complex is stable at room temperature. It is only the mechanism of (Si-HH-Si) production that differs. The scheme of Godet [6] favors reaction (2) while in the scheme of Branz [5] the (Si-HH-Si) complex forms on the collision of two mobile H atoms. Both schemes can explain the observed kinetic data on DB formation and annealing. Evidence of hydrogen uptake comes from the observation of expansion of the Si network occurring concurrently with illumination [9] [10] [11] [12] [13] [14] [15] since on forming the mobile H state at the bond-center site there is an average 0.4 Å outward relaxation in the Si-Si separation [7] . However, to distinguish between the models requires direct information on the microscopic origin of such macroscopic changes. Positron annihilation spectroscopy (PAS) is a powerful tool for studying point defects in semiconductors since positrons naturally trap into open volume sites and through the annihilation radiation they emit microscopic information is made available [16] . Here we report on light soaking induced microstructural changes in the defect structure of undoped a-Si:H observed by PAS.
The two samples studied in this work, both giving similar results, were 1 mm intrinsic a-Si:H homogeneous films grown by pure silane ͑SiH 4 ͒ PECVD (plasma enhanced chemical vapor deposition) at a deposition rate of 1.5 nm͞s [17] on quartz, at rf power 40 W, and substrate temperature 0031-9007͞00͞84(4)͞769(4)$15.00330 ± C. The ratio of photoconductivity to dark conductivity of the film was about 5 orders, indicating material of solar cell quality. The light soaking illumination intensity was 100 mW cm 22 . The Staebler-Wronski effect was observed in the electrical measurements.
The PAS measurements were performed using the monoenergetic positron beam at the University of Hong Kong, detailed in [18] . The maximum beam energy of 25 keV gives a mean positron stopping depth of about 3 mm [19] in a-Si:H of density 2.2 g cm 23 . The 511 keV annihilation g radiation from the sample was detected with a high purity Ge detector of resolution 1.4 at 514 keV and a digitally stabilized multichannel analyzer system. A total of 1 3 10 6 counts were collected under the annihilation g-ray photopeak for each positron energy. The g-ray photopeak line shape was described using the conventional line shape parameters S and W, which are, respectively, the ratios of counts in the central and wing portions of the annihilation photopeak to the total peak count [20] . The S parameter window was set to cover positron annihilations with low momentum valence electrons having a longitudinal momentum component of p L # 3.7 3 10 23 m 0 c, where m 0 is the electron mass and c is the speed of light, and the W parameter is to cover high momentum core electrons over the range
23 m 0 c. Positrons get trapped at neutral and negative vacancy defects because the missing positive charge of the ion cores causes the particle to experience a potential well. The reduced valence and core electron density at a vacancy increases the lifetime of the trapped positron, and narrows the positron momentum distribution, since the relative proportion of valence to core annihilation increases. Consequently, with an increasing number of microvoids, S increases and W decreases. The ratio of S to the bulk crystalline value S bulk is an approximate gauge of the type of defect. For example S͞S bulk for monovacancies is 1.030, divacancies 1.034-1.038, vacancy clusters 1.047-1.061, and microvoids 1.10-1.14 [20, 21] . Figure 1(a) shows the variation of S͞S bulk vs incident energy for as-grown, lightsoaked, and 40-h 150 ± C annealed a-Si:H thin films. The same general trends are observed in all samples, namely, a plateau in the 2-10 keV range characterizing the a-Si:H film, while S drops at lower and higher energies due to the surface and substrate, respectively. The ratios S͞S bulk for the as-deposited, light-soaked, and annealed films in the plateau regions are 1.018, 1.021, and 1.018, respectively, indicating annihilation both from the bulk and probably small size trapping vacancies. The S bulk value was measured separately on a crystalline Si ͑c-Si͒ sample with our equipment.
The results show little process condition dependency in the S parameter of the film, agreeing with Muramatsu et al. who also noted no appreciable change in S on light soaking [22] . In sharp contrast is the very noticeable change in the W parameter on light soaking shown in Fig. 1(b) . The W parameter for the as-grown a-Si:H is higher than that in c-Si, in agreement with the angular correlation data of Bhide et al. [23] . After light soaking the value of W is very close to that for c-Si. It is this signature which we argue below to be due to defect dehydrogenation on light soaking.
The light soaking effect can more easily be seen in the W͞W bulk vs S͞S bulk plot shown in Fig. 2 . This type of plot allows isolation of the different defect sites and assessment whether more than one defect type is involved, since each defect has its own ͑S, W͒ coordinate [24] . Note that on the plot c-Si corresponds to the position ͑1, 1͒. For the as-grown film the data points lie along a straight line at all beam energies, indicating that the film has a homogeneous distribution of the same defect at all depths. The same is not true for the films after light soaking. Here one sees not only a different defect type in the bulk film on transferring from substrate to bulk, but in addition a very different surface and near surface defect type [characterized by low S͞S bulk ͑ϳ0.96͒ and high W͞W bulk ͑ϳ1.25͒] on transiting from bulk to surface. Some minor changes in defect signature occur on annealing in the surface region, which we suggest are due to hydrogen diffusion to the surface. More importantly, in the bulk region there is no reversal of the light soaking effect on thermal annealing, as would be expected if the changes in the line shape parameters were directly connected with the metastable defect sites responsible for the SWE.
Despite many PAS studies using both positron beams [21, 22, 25, 26] and conventional sources [23, [27] [28] [29] , there is as yet no general consensus on the positron trapping sites in a-Si:H. Much of the uncertainty apparently arises from the variations in film preparation techniques [21, 25] . However, evidence exists for four possible positron trapping states, namely, (i) coordination defects ͑1n͒ (ii) divacancylike defects ͑2n͒ (iii) vacancylike agglomerates comprising of ϳ5 missing atoms ͑5n͒, and (iv) large 10-20 Å diameter microvoids in which some positrons exist as bound Ps (MV). Both 5n and MV states give rise to lifetime components in the range 400-550 ps that are commonly seen in various a-Si:H films [23, [25] [26] [27] [28] [29] . The existence of microvoids is confirmed by the definite observation of positronium components in both lifetime and angular correlation studies [27, 28] .
The assertion that PECVD grown films contain 2n-type defects comes from positron lifetime studies [22, 24] , where the observed 310 to 350 ps component is identified with the 325 ps lifetime of divacancies in c-Si [30] . A number of studies also find a short lifetime component (190-256 ps) from some films [23, 27, 28] . Such films presumably do not have sufficient divancy defects or agglomerates of higher volume present for saturation trapping, and so some positrons annihilate from either a delocalized Si-network state or from the site of saturated coordination defects that are present at the level of 10 19 cm 23 in a-Si:H [3] . The latter could be the shallow trapping sites of He et al. [27] . Since the mass of the hydrogen atom is small compared to the surrounding silicon atoms, 1n-or 2n-type sites consisting of hydrogen saturated dangling bonds are expected to be able to act as positron traps.
The positron diffusion length obtained from the data in Fig. 1 is L 1 100 6 30 Å, with little dependence on the light soaking condition. This is much shorter than the length typically observed in c-Si and is probably indicative as much of the greater degree of scattering experienced by diffusing positrons in an amorphous network compared to a crystalline lattice, as of a high density of trapping sites.
Although in the light-soaked state the S parameter is seen to increase slightly, the dominant change is in the value of the W parameter. We may now relate the above conclusion to the microscopic models of defect creation. The change in W on light soaking is consistent with both the hydrogen emission mechanisms in (1) and (2) . However, the change in W is not seen to reverse on annealing. In the models the metastable (Si-HH-Si) complex is broken up on annealing, and the mobile hydrogen diffuses away. In the scheme of Branz [5] the mobile H can then be recaptured by the dangling bonds formed by the original emission process, i.e., reversing process (1). Godet in [6] does not treat the eventual fate of the mobile H released by annealing. However, it seems possible that the Si-Si bonds formed by process (2) would have a low cross section for recapture of the mobile H, i.e., that (2) is not reversed on annealing. The original doubly hydrogenated (Si-HH-Si) site is a likely positron trap, since the local density would be lower than other regions of the amorphous network. If the network adjustment on formation of the Si-Si bond of process (2) is not too great, the site will also be a positron trap after H emission. Thus our data tend to support the picture of [6] , rather than [4] and [5] , with positrons being captured and annihilating in the doubly hydrogenated (Si-HH-Si) sites to produce the large W signature in the as-deposited material. Hydrogen is emitted from such sites on light soaking, causing the fall in W, but does not return on annealing.
In summary, we have shown how positron annihilation provides microscopic information on changes in open volume-type defects in undoped hydrogenated amorphous silicon before and after light soaking. The indication is that such defects are losing hydrogen on light illumination. This observation is consistent with the initiation of SWE and experiments that see a global expansion of the lattice on light soaking. Microscopic information gained from PAS places constraints on models of hydrogen motion fitting macroscopic Staebler-Wronski effect kinetics and may help to achieve a definitive description of metastability in a-Si:H.
